The modulation of tropical cyclone (TC) genesis over the western North Pacific (WNP) by the intraseasonal variability (ISV) is investigated in this study. The two leading ISV modes, i.e., the 40-day Madden-Julian oscillation (MJO) and the 16-day quasi-biweekly oscillation, are found to exert significant impacts on TC genesis over the WNP. A majority of TC geneses over the WNP is found to occur during the period when both the modes are active, suggesting a joint influence of the two modes on TC genesis over the WNP.
Introduction
Previous studies suggested that the tropical cyclone (TC) activity in the western North Pacific (WNP) is under the strong influence of various modes of natural climate variability, including interannual (Chan 2000; Chia and Ropelewski 2002; Wang and Chan 2002; Zhao et al. 2010 Zhao et al. , 2011 Zhao et al. 2011; Wang et al. 2013a; Wang and Wang 2013) and decadal variations (Matsuura et al. 2003; Chan 2008; Liu and Chan 2008; Kim et al. 2010; Wang et al. 2012; , as well as the intraseasonal variability (ISV) (Nakazawa 1988; Liebmann et al. 1994; Wang and Zhou 2008; Kim et al. 2008; Chen et al. 2009; Liu et al. 2009; Sun et al. 2009; Pan et al. 2010; Tian et al. 2010; Mao and Wu 2010; He et al. 2011; Huang et al. 2011; Zhu et al. 2013; Li et al. 2013a, b) .
The Madden-Julian Oscillation (MJO; Madden and Julian 1971 ) with a prevailing period of about 30-60 days is considered to be a dominant ISV mode influencing the TC activity on the intraseasonal time scale and has been widely documented in various studies (e.g., Gary 1979; Nakazawa 1988; Liebmann et al. 1994; Huang et al. 2011; Li et al. 2013a, b) . During boreal summer, a prominent north-northeastward movement of the MJO mode over the Indian Ocean/ western Pacific region has been widely documented (Yasunari 1979; Wang and Rui 1990; Hsu et al. 2004; Jiang et al. 2004 ). Meanwhile, a second dominant ISV mode with a prevailing period of about 10-30 days has also been identified over the Asian summer monsoon region and is often referred to as the quasi-biweekly oscillation (QBWO) (Krishnamurti and Bhalme 1976; Chen and Chen 1993; Kikuchi and Wang 2009; Chen and Sui 2010) . Previous studies indicated that the kinetic energy of the QBWO is much stronger than that of the MJO over the WNP basin (Li and Zhou 1995) , and thus, the QBWO can strongly affect the local TC activity (Wang et al. 2009; Li et al. 2013a, b) . Gray (1979) first found that global TC genesis occurs in clusters with 1-2 weeks of active TC genesis followed by 2-3 weeks of quiescence and further proposed a possible connection between the ISV and global TC activity. Over the WNP basin, an increase of TC genesis in the convective ISV phase and a decrease of TC genesis in the non-convective ISV phase can be clearly observed (Liebmann et al. 1994; Kim et al. 2008; Wang and Zhou 2008; Li 2011, 2012) , which may be attributed either to modifications of the background mean flow by the ISV or to wave accumulation in terms of barotropic energy conversions (Maloney and Dickinson 2003; Mao and Wu 2010) . Previous studies also reported that the ISV could exhibit significant impacts on TC genesis and movement over other oceans (e.g., Indian Ocean: Bessafi and Wheeler 2006; Ho et al. 2006; Kikuchi and Wang 2010; Eastern Pacific: Molinari et al. 1997; Maloney and Hartmann 2000a; Aiyyer and Molianri 2008; Jiang et al. 2012; Gulf and Mexico: Maloney and Hartmann 2000b; Mo et al. 2000; Higgins and Shi 2001; Atlantic Ocean: Maloney and Shaman 2008; Klotzbach 2010; Camargo et al. 2007; Australian Region: Ho et al. 2006) , with a general consensus that the frequency of TC genesis is enhanced during the ISV convective period, while it is greatly damped when the ISV convection is suppressed.
While it has been well recognized that the ISV, especially the MJO mode, exerts pronounced modulations on the TC activity, the underlying physical mechanism on the intraseasonal variability of the WNP TC activity modulated by the MJO and QBWO modes remains poorly understood. Previous studies have shown some consistency between the ISV's modulation of large-scale environmental fields associated with TC genesis and its modulation of TC activities (Maloney and Hartmann 2000a, b; Hall et al. 2001; Bessafi and Wheeler 2006) . Based on the analysis of cyclogenesis over the eastern North Pacific (ENP), Maloney and Hartmann (2000b) showed that TC genesis tends to be enhanced during the convectively active ISV phase. They further attributed the impact of the ISV on TCs to variations in the low-level relative vorticity and vertical wind shear (VWS) associated with the ISV. Anomalous low-level vorticity associated with the ISV is also found to be a key factor in modulating TC genesis over the ocean to the northwest of the Australian region (Hall et al. 2001) . Meanwhile, impacts of the low-level vorticity and VWS associated with the ISV were found to be important for the intraseasonal modulation of cyclogenesis over the South Indian Ocean (Bessafi and Wheeler 2006) . Over the WNP basin, a similar ISV modulation of TC activities was also investigated (Nakazawa 1988; Liebmann et al. 1994; Wang and Zhou 2008) .
Recently, the TC genesis potential index (GPI), first proposed by Emanuel and Nolan (2004) , was widely employed to quantitatively assess relative roles of several environmental factors affecting TC genesis. As will be discussed later, the GPI index involves four large-scale factors that play critical roles for TC genesis, i.e., the lower-tropospheric absolute vorticity, the mid-level moisture, VWS, and the potential intensity (PI). Camargo et al. (2009) illustrated that the GPI has considerable skills in representing global TC genesis on the intraseasonal time scale. They further suggested that the mid-level relative humidity (RH) is the most important factor that modulates the TC genesis frequency, while the low-level absolute vorticity plays a secondary role. VWS and PI only have a very weak influence on TC genesis. These results are different from those in several other studies, in which dynamical factors-including the low-level vorticity and VWS-were found to play leading roles in modulating TC genesis Hartmann 2000a, b, Hall et al. 2001; Bessafi and Wheeler 2006; Wang and Zhou 2008) . In addition, note that the first-position TC density field with nine grid-point smoothing (2.5° × 2.5° lat/lon grid from NCEP/NCAR; 1.125° × 1.125° lat/lon grid from ERA-40) was used by Camargo et al. (2009) to represent the TC genesis frequency over the global oceans. This method makes it difficult to describe the detailed features of TC genesis over a small ocean basin. In a recent study, Jiang et al. (2012) discussed the actual TC genesis during different ISV (10-90-day) phases over the ENP basin and re-examined roles of the four GPI variables associated with the ISV in modulating TC genesis. It was found that 600 hPa RH and 850 hPa vorticity are the two most important factors affecting TC genesis over the ENP basin, and VWS may also play an important role over a certain area of the ENP and during several specific MJO phases.
Most existing studies on the ISV-TC relationship focus on the impacts of the MJO mode, while studies on the influences of the QBWO on TC genesis remain limited. A recent analysis by Li et al. (2013a) examined impacts of both the QBWO and MJO on TC genesis over the WNP basin. Results suggested that the two ISV modes can distinctly modulate the TC activity over the WNP basin by changing the monsoon circulation and the associated environmental parameters. However, impacts of the large-scale environmental fields associated with the MJO or QBWO mode on TC genesis have not been quantitatively assessed in their study. As an extension to Li et al. (2013a) , one major objective of the present study is to examine the key factors associated with the MJO and QBWO that affect WNP TC genesis based on the contributions of the four terms to the total GPI anomalies by following a similar approach as in Camargo et al. (2009) and Jiang et al. (2012) . Results from this study will not only improve our understanding of ISV-TC relationships by considering both of the leading ISV modes but also provide useful information for the intraseasonal TC prediction over the WNP basin (Leory and Wheeler 2008) . This paper is organized as follows. Section 2 describes the datasets used in this study and the approach to identify the MJO and QBWO modes, including their phases and amplitudes. The dominant patterns and propagation characteristics of the MJO and the QBWO modes, as well as their impacts on TC genesis, over the WNP are investigated in Section 3. The key factors associated with the MJO and the QBWO in modulating WNP TC genesis are further explored in Section 4. Section 5 presents the summary.
Data and methodology

a. Data
In this study, rainfall observations during 1998-2012 derived from the Tropical Rainfall Measuring Mission (TRMM) version 3B42 (Huffman et al. 2007 ) are used to define the ISV phases over the WNP basin. TRMM 3B42 rainfall is a precipitation product based on multi-satellite and rain gauge analyses. It provides gridded precipitation estimates on a 3-h temporal resolution and a 0.25° spatial resolution in a zonal belt from 50°S to 50°N. The raw 3-hourly TRMM rainfall with a 0.25° spatial resolution is re-gridded into 1° × 1° daily data in this study.
The TC data used in this study is the best-track dataset from the Joint Warning Typhoon Center (JTWC), including the location and intensity of tropical storms and typhoons at a 6-h interval. Only those TCs that reach minimum tropical storm intensity (1-minute-averaged maximum sustained winds greater than 17.2 m s −1 ) are considered in this study. Although TCs can occur all year round in the WNP basin, the analysis of this study is focused on the TC season from May to October, during which about 88 % of the annual total TC occurs. Although there are several organizations that maintain their own historical TC records for the WNP basin (e.g., JTWC, JMA-the Regional Specialized Meteorological Center of Japan Meteorological Agency, and CMA_STI-the Shanghai Typhoon Institute of China Meteorological Administration), previous studies suggested that the intensity records derived from these datasets were quite different (Wu et al. 2006; Emanuel et al. 2008; Ren et al. 2011; Wu and Zhao 2012) . Chan (2008) suggested that the intensity records from JTWC are relatively reliable. In a recent study, Wu and Zhao (2012) further compared the intensity records that were derived dynamically with those from the three best-track datasets, including JTWC, CMA_STI, and JMA, and found that the TC intensity data from JTWC is relatively more reliable than the data from the other two best-track datasets. To explore the possible physical mechanisms responsible for the intraseasonal variability in the TC activity, daily atmospheric variables, including winds, RH, temperature, and sea surface temperature (SST), during 1998-2012 are analyzed. These variables are extracted from the recent ECMWF (European Centre for Medium-Range Weather Forecasts) ERA-Interim reanalysis (Dee et al. 2011) , which has a horizontal resolution of 1.5° × 1.5°.
b. Methodology
The extended empirical orthogonal function (EEOF) (Weare and Nasstrom 1982) is used in this study. The EEOF analysis has a unique feature that it focuses on a sequential spatiotemporal evolution by the extension of the EOF analysis to a segment of consecutive times, and thus, it is more appropriate to document a propagating phenomenon. With the appropriate series of successive time points included, a pair of the first two EEOFs can represent a half cycle of the ISV Chan 1985, 1986) , whereas with longer series of time points included, the first EEOF alone can represent a whole cycle (Kayano and Kousky 1999) or more cycles (Waliser et al. 2003 (Waliser et al. , 2004 ) of the ISV.
Following Jiang et al. (2012) , an EEOF analysis of daily 10-90-day bandpass-filtered TRMM rainfall anomalies during the period of 1998-2012 are conducted to extract the leading ISV modes over the WNP. Temporal lags of 31 days are adopted, and the domain [20°S-30°N, 60°E-180°E] is selected for EEOF analyses. Similar to the results of Jiang et al. (2012) , in this study, two leading ISV modes over the WNP are identified by the two leading pairs of the EEOF modes. These two leading pairs, i.e., EEOF1 and EEOF2, and EEOF3 and EEOF4, represent the propagating features of the two leading ISV modes. According to the variance explained by each EEOF mode based on the formula by North et al. (1982) , it is found that the first two leading pairs of the EEOF stand out from the remaining EEOF modes and are also well separated from each other. The two leading EEOFs contribute about 5.8 % of the total anomalous variances of the bandpass-filtered daily data with lags of 31 days. The second pair of EEOFs explains about 3.3 % of the total variances (Figure not shown) . Time series of the principal components (PCs) of EEOF1 and EEOF3 are illustrated in Fig.1 . Further spectral analysis of corresponding PCs suggests a prevailing period of about 40 days and 20 days for the first and second leading modes, respectively. Overall, the first two leading EEOF modes of the observed daily rainfall anomalies capture the dominant MJO mode (40-day ISV mode) and QBWO mode (16-day ISV mode). Based on lagged regression patterns of the bandpass-filtered TRMM rainfall for the EEOF-1 and EEOF-3 modes, pronounced eastward and northward propagation for the MJO mode and northwestward propagation for the QBWO were observed during the boreal summer over the WNP basin (figures not shown). The time evolution patterns associated with the two leading modes derived by the regressed patterns of PCs of the two leading EEOF modes are in great agreement with those obtained in many previous studies and particularly those based on a generally similar approach but using a combination of the EOF of OLR and 850hPa u wind by Lee et al. (2013) . All these results further lend confidence to the EEOF method used in this study to isolate the two leading ISV modes over the WNP basin. Following a similar method adopted in Wheeler and Hendon (2004) , the first and second leading PCs are used to determine the daily MJO and QBWO amplitudes and phases (ranging from 1 to 8), respectively. Then, the eight phases are obtained, and each available day is assigned into one of these eight phases. In this study, an additional phase, Phase 9, is used to denote a weak phase for the MJO or QBWO mode. Phase 9 includes days when the amplitude is less than 1 (MJO: Sqrt (PC1 2 + PC2 2 ) < 1.0; QBWO: Sqrt (PC3 2 + PC4 2 ) < 1.0). Composite analyses for the observed rainfall are conducted by averaging the 10-90-day bandpass-filtered rainfall anomalies over each MJO (QBWO) phase based on the selected strong MJO (QBWO) events (MJO strong events: Sqrt (PC1 2 + PC2 2 ) ≥ 1.0; QBWO strong events: Sqrt (PC3 2 + PC4
2 ) ≥ 1.0) during the period of 1998-2012. The TC data are then binned into one of these eight phases, in addition to a weak phase, e.g., each TC is assigned to a specific phase for both the MJO and QBWO modes. Figure 2a shows the standard deviation of 10-90-day filtered rainfall (shaded) anomalies and WNP TC genesis positions during the active TC season from 1998 to 2012. Pronounced ISV activity over the WNP basin is clearly shown in Fig. 2a . The region with maximum intraseasonal variances of rainfall extends from 110°E to 150°E and from 10°N to 25°N, which coincides with the main development region (MDR) of WNP TC genesis. Further analysis indicates that variances for the MJO and QBWO modes show a similar spatial pattern with the maxima over the MDR (figures not shown). Moreover, in agreement with the results of Li and Zhou (1995) , the QBWO exhibits larger amplitude in variance than the MJO mode (Fig. 2b) . Figure 2b also illustrates the seasonal evolution of the standard deviations (STD) of TRMM rainfall on both 10-30-day and 30-90-day bands averaged over 10°N-25°N and 110°E-150°E. It is clearly shown that the active TC occurrence over the WNP during boreal summer is closely associated with the vigorous activity of both the MJO and QBWO, suggesting a possible role of the ISV in affecting WNP TC genesis. Figure 3 illustrates the observed composite rainfall anomalies and TC genesis locations during a life cycle of the MJO. In agreement with previous studies (Kim et al. 2008; Huang et al. 2011; Li et al. 2013a ), the MJO mode, which propagates both eastward and northward during the boreal summer, exerts strong modulations on TC genesis over the WNP basin. Generally, TC genesis is more frequent during the period of enhanced convection compared to that QBWO is also performed, and the results are shown in Fig. 4 . In contrast to the northeastward migration of the MJO, the QBWO is characterized by the northwestward movement of convection, which is also in accord with an obvious northwestward shift of the TC genesis location. Figure 5 further illustrates strong impacts of the MJO and QBWO on WNP TC genesis by displaying the TC genesis rate (i.e., the ratio of the TC genesis counts to the number of total days) as a function of the phase corresponding to each ISV mode. As shown in Fig. 5a , considerably more TCs form during the MJO convectively active Phases 4, 5, and 6, whereas much less genesis rate is observed during the MJO Phases 1, 2, and 3 when suppressed convection prevails over the WNP MDR. A relatively small TC genesis rate is also found during the weak MJO period (phase 9). Similar results are found for the QBWO that higher TC genesis rates are found during phases 1-5 with a peak value occurring at QBWO Phase 3; these results are illustrated in Fig. 5b . A much smaller TC genesis rate is found during Phase 7, which is comparable to the TC genesis rate during the weak Phase 9.
Dominant patterns of the two ISV modes and their modulations of TC genesis
Further analyses suggest that a majority of TCs generated over the WNP can be modulated by both the MJO and QBWO modes. As shown in Fig. 6 , about 47 % of the total TCs (127 out of 273) over the WNP basin occur when both of the ISV modes are active. In contrast, only 6 % (17 out of 273) of the total TCs form when both of the ISV modes are inactive. When considering the contribution from each individual ISV mode, 22 % (61 out of 273) of the total TCs occur during the period when only the MJO model is active and 25 % (68 out of 273) when only the QBWO is active. These results clearly suggest that the QBWO, in addition to the MJO mode, also plays an important role in WNP TC genesis. This is in agreement with the results shown in Fig. 4 that the QBWO can significantly modulate the TC genesis location. It is also found that the impact of the QBWO on TC genesis is more localized than that of the MJO on TC genesis because of the QBWO's relatively small spatial scale and alternating positive and negative convection anomalies. This also explains why the modulation of the QBWO on TC genesis over the entire WNP is not as strong as that of the MJO mode (Figs. 5a, b) .
Further evidence of modulations of TC genesis by both the MJO and QBWO modes is presented in Fig.  7 . For each summer day during the period of 1998-2012, the ISV phases for both the MJO and QBWO modes are determined as previously described in the manuscript based on the leading PCs corresponding to the two ISV modes. When the 40-day ISV (QBWO) mode is strong, namely, Sqrt (PC1 2 + PC2
2 ) ≥ 1.0 (Sqrt (PC3 2 + PC4 2 ) ≥ 1.0), a specific phase ranging from 1 to 8 is defined based on the pair of PC1 and PC2 (PC3 and PC4). Otherwise, if the ISV mode is weak on that day, a phase number of 9 is then specified for this ISV mode. Then, the total TC genesis counts over the WNP during these 13 summers are binned into the combinations of eight phases (1-8), in addition to a weak phase (9), for the ISV modes. Figure 7 shows the TC genesis counts as a function of both the MJO and QBWO phases. For example, the value when x = 1 and y = 2 in Fig. 7 represents the total TC genesis counts that occurred when the MJO mode was in Phase 1 and the QBWO mode was in Phase 2, respectively, during the 13 summers from 1998 to 2010. It clearly indicates that there is more TC formation during the active phases of both of the leading ISV modes, i.e., Phases 3-7 of the MJO and 1-4 of the QBWO. More interestingly, a tilted zone with maximum TC genesis counts is evident in Fig.7 , corresponding to the MJO Phases 3-6 and QBWO Phases 1-4, suggesting the joint influence on the TC genesis of the two ISV modes. Abovementioned results are in general agreement with previous studies (Kim et al. 2008; Wang et al. 2009; Huang et al. 2011; Li et al. 2013a) , which have found a basin-wide increase (decrease) in the WNP TC genesis frequency during the strong (weak) MJO phase, as well as a localized impact of the QBWO.
As illustrated in Hsu et al. (2008) , the rainfall associated with TCs may contribute to the ISV variance. Additional EOF analyses of the 10-90-day bandpass-filtered rainfall anomalies during these non-TC days (1468 days) from 1998 to 2012 are also performed. It is found that the two dominant ISV modes identified by the leading EOFs are basically similar to those based on EEOF during the full period of 15 summers (figure not shown). Apparently, the MJO and QBWO modes over the WNP basin revealed by the EEOF analyses represent two intrinsic low-frequency convective variability modes that are independent of TC activities. Therefore, the results discussed above about the relationship between the two dominant ISV modes and WNP TC geneses are robust.
Factors controlling the intraseasonal TC genesis
In this section, the key factors associated with the two dominant ISV modes in modulating TC genesis over the WNP basin are further explored by utilizing a GPI analysis (Emanuel and Nolan 2004) , following a similar approach as in Jiang et al. (2012) . The GPI is defined as follows: where ξ is the 850 hPa absolute vorticity (s −1 ), H is the 600 hPa RH (%), V pot is PI (m s −1 ), and V shear is computed as the wind difference between 850 hPa and 200 hPa (m s −1 ). The terms η, γ, φ, and S represent the GPI components and are associated with 850 hPa absolute vorticity, 600 hPa RH, PI, and VWS. PI can be computed according to the algorithm of Bister and Emanuel (2002) , who consider SST and vertical profiles of temperature and specific humidity in the troposphere, which are defined by the expression as follows:
where T s is SST, T o is the mean outflow temperature at the level of neutral buoyancy, C k is the exchange coefficient for enthalpy, C D is the drag coefficient, CAPE* is the convective available potential energy (CAPE) for an air parcel at the radius of maximum winds, and CAPE b is the CAPE of boundary layer air (Bister and Emanuel 2002; Camargo et al. 2007) . Figure 8 shows the evolution of anomalous GPI along with TC genesis during the MJO life cycle. Corresponding to the observed rainfall anomalies displayed in Fig. 3 , the positive (negative) GPI anomalies are generally in association with the active (inactive) phase of convection. The majority of TCs occur over regions where the positive GPI anomalies are present. Note that a small number of TCs can also be found over regions with the negative GPI anomalies (e.g., Phases 2), which can be attributed to other factors that are not included in Eq. (1) or not associated with the MJO. Similarly, Fig. 9 illustrates the evolution of the GPI anomalies and TC genesis associated with the QBWO. It is found that TC genesis during the QBWO phases can also be generally depicted by the GPI anomalies. Again, a small number of TCs occur over the regions with the negative GPI anomalies, e.g., Phase 8 (Fig. 9) .
Since the evolution of anomalous GPI patterns can reasonably well represent TC genesis associated with both the MJO and QBWO (Figs. 8, 9 ), relative importance of the four terms involved in the GPI calculation are further examined. For clarifying purposes, each term contributing to the GPI anomalies, η, γ, φ, ,and S in Eq. (1), can be decomposed into two components: a climatological annual cycle component and a departure from the climate. The latter contains variability on various time scales. Thus, the GPI anomalies associated with the MJO or QBWO can be decomposed into four linear terms, the relative role of which can be further explored by keeping one item realistic while the other three terms specified with their summer mean climatological values. Moreover, the contributions of nonlinear terms can also be examined by high-order variances of two or more terms. Figure 10a displays contributions of the four terms to the GPI anomalies during different MJO phases. The positive GPI anomalies are found over the period from the MJO Phases 3 to 6, while the negative GPI anomalies are evident during Phases 7 and 8 and also during Phases 1 and 2. Further analysis shows that PI has a weak influence on the GPI anomalies, while both 600 hPa RH and 850 hPa absolute vorticity make significant contributions to the MJO composite GPI anomalies. However, contributions of these terms to the total GPI anomalies are different and depend on different phases of the MJO.
During the MJO Phases 4 and 5, the 600 hPa RH and 850 hPa vorticity are the two most important terms that contribute to the maximum positive GPI anomalies, while VWS makes a major negative contribution to the GPI anomalies. The 850 hPa absolute vorticity and 600 hPa RH remain to be the most important factors contributing to the maximum positive GPI anomalies during Phase 6, whereas PI and VWS contribute to the negative GPI anomalies with comparable amplitudes. Note that during the MJO Phase 3, the total positive GPI anomalies are mainly caused by the ISV of PI, while other three factors have little impact. Moreover, it is found that contributions of these four factors to the negative GPI anomalies during Phases 7 and 8 and also 1 and 2 largely mirror those to the positive GPI anomalies from sPhases 3 to 6. During Phases 1-8, the nonlinear term makes only minor contributions to the GPI anomalies.
Similar analyses are conducted for the total GPI anomalies over the QBWO life cycle (Fig. 10b) . Note that the amplitudes of contributions of these factors during the QBWO are generally smaller than those during the MJO. Similar to the results for the MJO Phases 4 and 5, from the QBWO Phases 3 to 6, the mid-level RH makes the largest contribution to the QBWO composite GPI anomalies. The low-level absolute vorticity and VWS tend to be the second important factors with positive and negative contributions, respectively; a relatively small contribution is made by PI. During Phase 7 of the QBWO, the negative GPI anomalies are mainly caused by the 850 hPa absolute vorticity and PI, while VWS shows a positive effect on the total GPI anomalies. During Phase 8, the low-level absolute vorticity and 600 hPa RH make the largest contribution to the total negative GPI anomalies, while the contribution of the total nega-tive GPI anomalies are significantly reduced by the impact of VWS. During Phases 1 and 2, the influence of the four factors to the negative GPI anomalies is not negligible, where the 850 hPa absolute vorticity and 600 hPa RH contribute to the total negative GPI anomalies, while contributions of PI and VWS reduce the GPI anomalies. Note that the nonlinear contribution to the observed GPI anomalies associated with the QBWO is more important than that with the MJO, especially during the QBWO Phases 2-5.
3. The above results further suggested that the impacts of the ISV on TC genesis over the WNP basin are largely due to the changes in large-scale factors. Further examinations found that during the active phase of the MJO mode over the western Pacific (e.g., Phases 4-6), cyclonic low-level circulation as a result of Rossby wave responses and enhanced mid-level RH is evidently associated with enhanced ISV convection. These two factors contribute to the positive GPI anomalies and play positive roles for TC genesis. On the other hand, the enhanced anomalous southwesterly winds in the lower troposphere corresponding to the enhanced ISV convection tend to increase the total wind speed considering the low-level southwesterly mean monsoonal circulation. Therefore, it increases VWS during the active ISV phase, i.e., positive anomalies, and disfavors TC genesis. As for PI, which is mainly linked to SST, becomes largely negative during the enhanced phase of the MJO mode as results of increased surface evaporation and the reduction of solar radiation because of cloudiness; thus, it also plays a negative role for TC genesis during the active ISV phases. Similar results are also found for the QBWO mode.
Summary
In this study, the impacts of the two leading intraseasonal variability modes, i.e., the MJO and QBWO, on TC genesis over the WNP during the active TC season from 1998 to 2012 are re-examined with a particular emphasis on the joint impact of these two ISV modes. In agreement with previous studies (Liebmann et al. 1994; Wang and Zhou 2008; Camargo et al. 2009; Wang et al. 2009; Huang et al. 2011; Li et al. 2013a) , it is illustrated that while both the MJO and QBWO can modulate TC genesis over the WNP, a majority of the TC genesis events occur when both of the ISV modes are active. Following Jiang et al. (2012) , the key environmental factors associated with the two dominant ISV modes in modulating TC genesis over the WNP basin are further explored by the GPI analysis, which is proposed by Emanuel and Nolan (2004) . Consistent with a previous study by Camargo et al. (2009) , it is found that anomalous GPI patterns associated with the WNP MJO and QBWO can well depict the modulations of TC genesis by these two ISV modes. We further examine the relative roles of four GPI environmental variables associated with the MJO and QBWO. Their contributions to the total GPI anomalies during the MJO and QBWO life cycles are analyzed. Camargo et al. (2009) suggested that mid-level humidity and low-level vorticity tend to be the two most important contributors to the MJO composite GPI anomalies based on similar analyses for the global oceans. With a focus on the WNP basin, the present study reveals that the impacts of these factors are different and depend on the MJO and QBWO phases, which are similar to those over the ENP basin (Jiang et al. 2012) . Both the 850 hPa absolute vorticity and 600 hPa RH make major contributions to the observed active WNP TC genesis during all MJO and QBWO phases. Meanwhile, VWS and the 850-hPa absolute vorticity also contribute to the total GPI anomalies during the specific QBWO and MJO phases. Nonlinear terms for the total GPI anomalies associated with the QBWO tend to be more important than those with the MJO. While details on these nonlinear processes warrant further investi- gation, this result is largely consistent with previous studies that synoptic-scale activity also feedbacks to the ISV (Zhou and Li 2010; Hsu and Li 2011a, b; Rong et al. 2011) . In particular, the ISV-TC relationship as suggested by the composite results for the entire TC season as shown in this study can be generally observed in composites for the early (May-June) and later (July-August) summer season. However, it is worth mentioning that the ISV modulation of TC in early summer is stronger than that in late summer. About 69 % of total TCs are formed during the active ISV phases (e.g., Phases 4-7) in early summer, while about 45 % of total TCs are generated when the ISV is active during late summer. Although the impacts of environmental factors modulated by ISV on WNP TC genesis is similar to that over the ENP basin in Jiang et al. (2012) . The observed modulations of TC genesis over the ENP basin by the large-scale ISV are represented better than those over the WNP basin. For example, some WNP TCs occur over regions with negative rainfall anomalies during phase 2 of the MJO (Fig. 3) . This suggests that the physical mechanism controlling TC genesis over the WNP basin could be more complex than that over the ENP basin. In addition to the impact of the MJO and QBWO modes, previous studies suggested that the monsoon trough and subtropical high also play significant roles in affecting WNP TC genesis Molinari and Vollaro 2013; Wang et al. 2013a; Wang et al. 2013b ); these need further investigations.
